The complex polar lipids of the hot spring cyanobacterial mat in the 50 to 55°C region of Octopus Spring, Yellowstone National Park, and of thermophilic bacteria cultivated from this or similar habitats, were compared in an attempt to understand the microbial sources of the major lipid biomarkers in this community.
disproportionately high FAB-MS responses.
We have studied hot spring microbial mats as models for investigation of microbial community ecology (37, 39) and as modern analogs of stromatolites, fossilized microbial mats (5, 33) . In particular, we have studied the cyanobacterial mat inhabiting the 50 to 55°C region of Octopus Spring in Yellowstone National Park, which we report on here. Our approach has been to use cell components as biochemical markers which indicate community composition and structure. This avoids the bias associated with cultivation of microorganisms. Also, some cellular components, notably, carbon skeletons associated with acyl components of lipids, are known to survive in ancient sediments and may serve as chemical fossils to reveal the nature of the microorganisms which constructed ancient microbial communities (12) . Studies with small subunit rRNA (SSU rRNA) biomarkers have revealed that the bacteria cultivated from the Octopus Spring mat or other similar habitats are not likely to be the predominant species in the specific locale of the 50 to 55°C Octopus Spring mat (32, 35, 38, 40, 41) . However, studies of lipid biomarkers, which are presumably more group-specific cell components than SSU rRNAs, have indicated that the cultivated species may be used to interpret the sources of lipids in the mat and to make inferences about the structure of the mat community (6, 28, 29, 34, 36, 48, 49) . For instance, by using standard methanolysis techniques for studying polar lipid fatty acids (PLFA), components that could be associated with inputs of most cultivated species were released (36, 48) . These components were not always fatty acid methyl esters, since many of the lipids of thermophilic bacteria cultivated from hot spring microbial mats have unique diol, plasmalogen, monoether, and diether structures (22) . The relative abundances and vertical distributions of these lipid components supported the hypothesis that lipid abundance indicates the spatial and trophic structure of the mat community (36, 38, 49) . For example, lipids attributed to photosynthetic procaryotes predominate over lipids attributed to aerobic and anaerobic chemoorganotrophic decomposer microorganisms, which in turn predominate over lipids attributed to terminal anaerobic community members, which is consistent with models of energy flow through the community (37) .
The greater relative importance of lipids of phototrophic community members was based on the predominance of PLFA which are typical of thermophilic unicellular cyanobacteria of the genus Synechococcus (9, 18, 24, 31) and the green nonsulfur bacterium Chloroflexus aurantiacus (19, 21) but atypical of most nonphototrophic mat isolates (36) . Unfortunately, these PLFA (C16:0, C16:1, C18:0, and C18:1) are very common and thus are not at all diagnostic. In addition, the PLFA of both types of phototrophs are similar, so that the inputs of either are difficult to distinguish. We therefore conducted a study of intact complex polar lipids to be able to better identify the sources of the major mat lipids. We used two methods of analysis, fast atom bombardment mass spectrometry (FAB-MS), which provides a rapid inventory of the masses associated with complex polar lipid components (10, 20) , and two-dimensional thinlayer chromatography (TLC), which provides information about the chemical nature of complex polar lipid components. Combined TLC and FAB-MS analysis permitted association of masses with lipids of known chemistry. The two methods can thus be compared for their abilities to provide information Samples in the first phase of the Bligh-Dyer extraction mixture were placed into a stainless steel centrifuge can and were treated with an ultrasonic probe for 10 min at 3°C (Labsonic U, low range, full power, and continuous cycle). After standing overnight at room temperature, DCM and water were added so as to achieve a final solvent ratio of 1:1:0.9 of DCM-MeOH-water. The extraction mixture was separated by centrifugation (10 min at 2,560 x g), and the DCM phase was removed. DCM was replenished in a volume equivalent to that removed, and the procedure was repeated. The two DCM phases were combined, passed over prebaked anhydrous Na2SO4 to remove residual water, and the total lipid (TL) extract was concentrated with a rotary evaporator. The TL extract was transferred to storage tubes, dried under N2, resuspended in DCM-MeOH (2:1), and stored at -20°C until further analysis. As an alternate protocol, samples were frozen in the field by using liquid N2 and were then lyophilized. Except Table 3 . Peaks found in more than one fraction are labelled only in the first fraction in which they are found (GL1 before GL2 [this figure] before PL [ Fig. 2] ). previously described (20) . The exact monoisotopic masses were calculated for proposed structures of the most abundant ions in the mass spectra. High-resolution FAB-MS analyses were performed with the peak-matching mode on ions with nominal m/z values corresponding to the proposed molecular structures. The margin of error was less than 10 ,uDa. In some cases, samples of the Octopus Spring mat PL fraction were mixed in equal volume with samples from the PL fractions of cultivated bacterial species. Blanks were analyzed to identify peaks associated with solvent contamination or matrix ions.
RESULTS
FAB-MS survey of complex polar lipids. FAB-MS spectra for GL and PL fractions of the Octopus Spring mat sample are shown in Fig. 1A and B Table 3 . Peaks found in more than one fraction are labelled only in the first fraction in which they are found (GL1 before GL2 [ Fig. 1 Fig. 3 and Table 2 ). One glycolipid spot in the PL fraction had mobility relative to other known components and staining reactions resembling those reported for sulfoquinosovyl diglyceride (SQ [see references 19 and 23] ). An unknown glycolipid (UA) and two aminophospholipids (UB and UC) were also detected in the PL fraction. In addition, several weak spots were sometimes observed or were detected by other staining reactions, as detailed in Table 2 .
The masses of TLC spot components were determined by FAB-MS analysis, as shown by the examples in Fig. 4 , and are reported in Table 3 . In general, the correspondence between FAB-MS spectra of specific TLC spot components and masses associated with suites detected in FAB-MS analysis of whole fractions was good (compare Fig. 4A to C with Fig. 1A and B and 2A and adjacent columns in Table 3 ). Minor discrepancies between Fig. 4 and Table 3 are due to the detection in duplicate samples of minor peaks, which do not appear in the examples shown in Fig. 4 . On the bases of our review of the literature, Rfs, and staining reactions, molecular structures were proposed and their exact monoisotopic masses were calculated. Exact mass predictions were in agreement with high-resolution FAB-MS results for the most intense ions ( Table 3) . The results suggest the presence in Octopus Spring mat samples of saturated and/or unsaturated fatty acid-containing diglycerides with fatty acid carbons totaling C30 to C35
MGs, C31 to C35 DGs, C30 to C36 SQs, and C31 to C34 PGs (Fig.   4A , B, and C and Table 3 ). The unknown glycolipid UA and aminophospholipid UB contained compounds with masses corresponding to those obscured by MGs in the PL fraction (compare Fig. 4D and E with Fig. 2A ). Other TLC spots (Table 2) did not give good FAB-MS responses.
The major lipids of Synechococcus sp. strain Y-7c-s detected by iodine staining were MG and DG (Fig. 3) . A minor spot consistently detected in the PL fraction by alpha-naphthol staining had R1s like those of SQ (Table 2) . FAB-MS analysis of these three spots revealed the presence of masses characteristic of diglycerides containing saturated and/or unsaturated fatty acids corresponding to C32 to C36 MGs, C32 to C34 DGs, and C32 to C36 SQs ( Table 2 ). Combined TLC and FAB-MS analysis revealed the presence of masses characteristic of diglycerides containing saturated and/or unsaturated fatty acids corresponding to C34 to C38 MGs and C34 to C36 DGs and PGs (Table 3) . For both phototrophs, correspondence between FAB-MS peaks found in TLC spots and suites of peaks found in fractions was good (compare adjacent columns in Table 3 ). Unknown lipids and other minor TLC spots (Table 2) did not give strong enough FAB-MS responses to determine molecular weights.
DISCUSSION
Both FAB-MS and TLC results lead to the conclusion that the complex polar lipids which are readily extracted from the Octopus Spring mat by the Bligh and Dyer (3) method represent the inputs of cyanobacteria moreso than those of C.
aurantiacus. We, like others (9, 24, 31) , found evidence of MG, DG, SQ, and PG in thermophilic Synechococcus strains. These complex polar lipids are typical of cyanobacteria in general (7, 13, 15, 23) as well as chloroplasts (31) . We, like others (14, 19, 21) , found evidence of MG, DG, PG, and possibly PI in C.
aurantiacus. An important distinction between the complex polar lipids of the two phototrophs is the presence of SQ in cyanobacteria. Though SQ has been reported as being found in C. aurantiacus (19, 21) , this has since been discounted (14) . We also found no evidence of SQ in C. aurantiacus, despite the strong FAB-MS response which should ensure detection of this lipid (see below). Thus, the presence of SQ in the mat appears to be diagnostic for cyanobacterial inputs.
The other complex polar lipids of the mat which might be contributed by either phototroph (MGs, DGs, and PGs) were more typical in mass of diglycerides containing the fatty acids produced by thermophilic Synechococcus spp. This organism produces more C16 relative to C18 fatty acids than does C. aurantiacus (9, 18, 19, 21, 24, 31) . This is reflected in the smaller masses of MGs, DGs, and PGs found in Synechococcus sp. strain Y-7c-s. The MGs, DGs, and PGs in the mat have masses more comparable to those of Synechococcus sp. strain Y-7c-s, suggesting that this type of organism is the more likely source of these complex polar lipids. This is consistent with the greater relative abundance of C16 compared with C18 PLFA in the mat (48) . Finally, potentially diagnostic features of the C. aurantiacus FAB-MS spectrum (e.g., GL peaks at m/z 818 and 819) and TLC pattern (e.g., UD, UE, and Fig. 3 ). ' Rh, rhodamine; I, detected by iodine staining rather than rhodamine staining; a-N, alpha-naphthol; Mb, molybdate; nin, ninhydrin; +, positive; -, negative; w, weak positive; (+), sometimes positive; ?, abnormal reaction with stain; ND, not determined. The predominance of cyanobacterial lipids in the mat presumably reflects the position of cyanobacteria at the base of the food chain. Lipids of nonphototrophic organisms exhibited distinctive FAB-MS spectra which, except for M. thennoautotrophicum, could be detected in the presence of mat lipids. Thus, the failure to detect these lipids in mat samples suggests their lower abundance, as opposed to an inability to detect them in the presence of lipids that more readily form negative ions under our FAB-MS conditions (see below). The lower abundance of these lipids presumably reflects the higher trophic status of nonphototrophic species. This is also consistent with the results of gas chromatography-mass spectrometry (GC-MS) analysis of glyco-and phospholipid methanolysis products (48) .
The specific compositions of MG, DG, SQ, and PG components in the mat did not correspond exactly with those of Synechococcus sp. strain Y-7c-s. For example, the predominant mat MG and DG tended to be saturated, whereas those of this Synechococcus strain were monounsaturated. Odd-chainlength fatty acids in mat MGs, DGs, SQs, and PGs were also more prominent than in Synechococcus sp. strain Y-7c-s lipids. This could be the result of environmental differences between natural and culture conditions. Temperature, for instance, is known to affect both chain length and degree of saturation of fatty acid components in Synechococcus spp. (9, 24) . It is also possible that a lower light intensity in laboratory culture than in nature might affect the relative amounts of complex polar lipids of photosynthetic and cytoplasmic membranes (11) . Alternatively, these incongruities might reflect the inputs of lipids to the mat from Synechococcus species other than that represented by strain Y-7c-s. SSU rRNA studies have shown that cultivated Synechococcus strains are known to represent only a small and possibly numerically insignificant portion of a diverse set of Synechococcus species present in the Octopus Spring 50 to 55°C mat (8, 26) . The extent of variation in lipids among these phylogenetically diverse Synechococcus species is unknown.
Both FAB-MS and TLC results also lead to the conclusion that the the Octopus Spring mat contains major complex polar lipids which have not yet been detected in cultivated community members (e.g., glycolipid UA and aminophospholipids UB and UC). This is consistent with the suggestion from SSU rRNA analyses that the mat contains numerous uncultivated species (32, 38) . GC-MS analysis revealed the presence of cyclopropyl-C19 FAME, C19 to C22 diols, and alkylglycerol monoethers as GL and PL components in a high or moderate abundance (48, 49) that might be structural components of these unknown complex lipids.
Differences between FAB-MS and TLC results probably reflect the fact that neither method can be assumed to provide a quantitative view of lipid abundance. Disproportionate FAB-MS responses may, for instance, result from differences in the charge states of the molecules in the liquid phase of the FAB-MS matrix. In the basic matrix we used complex polar lipid molecules which tend to readily give up a proton (e.g., those with phosphodiester linkages or sulfated sugars), readily form negative ions, and should produce the most abundant mass peaks in negative ion mode. We attempted to minimize the biases of the FAB-MS responses by separating the complex polar lipids into polarity classes by silica gel column chromatography. Though we were not able to do so cleanly, we were able to exclude components with phosphodiester bonds and sulfonated sugars from fractions containing components with less ionizable groups (e.g., GL), and this enhanced the detection of the latter components. Because TLC plate staining procedures were developed to be selective, no single stain can be used to give even a relative quantitative estimate of the complex polar lipids present in a mixture. Sensitive universal detection methods (i.e., methods with equal or at least reproducible detector responses) for complex polar lipids are needed. The difficulty of using either FAB-MS or TLC quantitatively is illustrated by the contrast between FAB-MS and TLC responses of MG, DG, SQ, and PG in all PL fractions. Note the relatively strong SQ and/or PG responses in all PL FAB-MS spectra (Fig. 2 ) compared with the relatively weak TLC responses of these components (Fig. 3) 
